We have synthesized a metal-free composite ink that contains graphene dots (GDs) and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) that can be used on paper to serve as the counter electrode in a flexible dye-sensitized solar cell (DSSC). This paper-based GD/PEDOT:PSS electrode is low-cost, light-weight, flexible, environmentally friendly, and easy to cut and process for device fabrication. We determined the GD/ PEDOT:PSS composite effectively fills the dense micro-pores in the paper substrate, which leads to improved carrier transport in the electrode and a 3-fold enhanced cell efficiency as compared to the paper electrode made with sputtered Pt. Moreover, the DSSC with the paper electrode featuring the GD/PEDOT:PSS composite did not fail in photovoltaic tests even after bending the electrode 150 times, whereas the device made with the Pt-based paper electrode decreased in efficiency by 45% after such manipulation. These exceptional properties make the metal-free GD/PEDOT:PSS composite ink a promising electrode material for a wide variety of flexible electronic applications.
Introduction
Flexible electronics have promising applications in wearable technologies that are increasing in popularity and use [1, 2] . In terms of ideal flexible substrates, conventional printer paper, which is composed of multiple layers of cellulose fibers, is among the most attractive due to its environmental-friendliness, low-cost, light-weight, and accessibility in terms of roll-to-roll processing [1, 3] . These favorable properties have led researchers to develop paper substrates for various applications, including transistors [4] , displays [5] , sensors [6] , memories [7] , batteries [8, 9] , supercapacitors [10] [11] [12] , and organic solar cells [13, 14] . To make paper-based electrochemical devices, it is necessary to develop low-resistance yet electrochemically active paper electrodes via moderate fabrication processes (e.g., a non-sintering process). However, such a method remains elusive considering the insulating, porous, and delicate nature of the fibrous substrate.
For this reason, printed paper is rarely used as an electrode substrate for third-generation solar cells, such as the widely pursued dye-sensitized solar cell (DSSC) [15, 16] . DSSCs are a renewable power source with strong potential owing to the fact that they do not rely on expensive or energy-intensive processing methods [17] and can be printed on flexible substrates using roll-to-roll techniques [18] [19] [20] . Flexible DSSCs are easy to fabricate, transport, and install [15, 21] , making them highly competitive in the photovoltaic market despite their lower efficiencies compared to inorganic-based solar devices [15, 21] .
However, high-performance DSSCs often necessitate a noble metal as the catalyst for the counter electrode [22] , such as Pt, which is extremely expensive and thus negates one of the primary attractive features of the DSSC. To expedite the transition of this unique type of solar cell from the laboratory to commercial markets, it may be necessary to develop metal-free electrocatalytic materials for the electrode [23] . Accordingly, there have been several metal-free electrocatalysts re ported in the literature, such as carbon materials [24, 25] and conducting polymers [26, 27] .
It is well know that conducting polymers possess electrical conductivity ranging from semiconductors (10 −8 S cm -1 ) to metals (10 5 S cm -1 ) [28] . The conjugated structure of conducting polymers contributes to their electrical conductivity through the continuous overlap of π-orbitals along the polymer backbone, enabling the π-electrons to become delocalized with high mobility [29] [30] [31] . Thus, conducting polymers have already been reported as potential materials for applications in many electronic devices, such as thin film transistors [32, 33] , sensors [34, 35] , molecular electronics, supercapacitors [36] [37] [38] , electrochromic devices [31, 39] , etc. Among the conducting polymers, poly-3,4-ethylenedioxythiophene (PEDOT) is of particular interest due to its high conductivity, electrochemical stability, mechanical flexibility, transparency, catalytic ability, and stability in the oxidized state [40, 41] . It has also exhibited strong electrocatalytic behavior toward the redox reaction of the I -/I 3 -electrolyte, as demonstrated via cyclic voltammetry analysis [42] [43] [44] . As a result, researchers have widely incorporated PEDOT as the counter electrode in DSSCs in addition to using it as a hole transport layer in solid-state photovoltaic devices due to its high work function [45, 46] . However, PEDOT is not soluble in most solvents, which makes solution processing problematic. To improve the material's processability for industrial production, researchers have incorporated poly(styrenesulfonate) (PSS) as a counter anion to dope PEDOT. The resulting PE-DOT:PSS product can be readily dispersed in water, which makes it possible to form conductive layers on various substrates via solution coating methods [41, 47] . Despite this advantage, the material's significantly decreased conductivity and electrocatalytic activity toward I 3 -reduction due to the addition of the nonconductive PSS counter anion and the use of flat film surfaces (i.e., low-catalytic area) greatly sacrifices the performance of DSSCs made from PEDOT:PSS counter electrodes [41] .
To address this issue, researchers have studied several carbon materials, including carbon black, carbon nanotubes, and graphene to the PEDOT:PSS catalytic film [48] [49] [50] [51] . Recently, nano-sized graphene fragments, i.e., graphene dots (GDs), were shown to exhibit exceptional properties of quantum confinement and edge effects, [52] and have been applied to solar-water-splitting [53] , bio-imaging [54, 55] , light emitting diodes [56, 57] , photovoltaics [58] [59] [60] [61] , and more. GDs can also be well dispersed in common solvents for various solution-based processes due to the nanoscale-size of this two-dimensional material and the presence of C-OH, C O, C-O-C, and C-H surface functional groups [57] . The combination of GDs and PEDOT:PSS could therefore enable the fabrication of a more efficient electrocatalytic film at low temperatures (<100 o C) using a convenient and low-cost solution-coating method.
In this study, we present a DSSC made using a Pt-free counter electrode that features this GD/PEDOT:PSS composite ink. The Pt-free DSSC made with a conducting glass substrate exhibited a cell efficiency of 7.36%, which is the highest ever reported for a DSSC fabricated with a PEDOT:PSS-based counter electrode (see Table S1 ). Moreover, for the first time, we also demonstrated that this metal-free counter electrode could be fabricated on paper to form a flexible DSSC that exhibits superior performance in terms of efficiency and bending stability compared to the same device made with a Pt-based paper electrode. This novel paper electrode opens a promising pathway for developing next-generation electrochemical and electronic devices that are both flexible and inexpensive.
Experimental

Materials
Lithium iodide (LiI, synthetic grade) and iodine (I 2 , synthetic grade) were obtained from Merck. Acetone (99+%), tert-butyl alcohol (tBA, 96%), guanidine thiocyanate (GuSCN, 99+%), and 4-tert-butylpyridine (TBP, 96%) were supplied by Acros. Ti(IV) tetraisopropoxide (TTIP, >98%), lithium perchlorate (LiClO 4 , ≥98.0%), ethanol (>99.8%), and 2-methoxyethanol (99.95%) were purchased from Sigma-Aldrich. Acetonitrile (ACN, 99.99%) was procured from J. T. Baker. 3-Methoxypropionitrile (MPN, 99%) was purchased from Fluka. 1,2-dimethyl-3-propylimidazolium iodide (DMPII) and cis-diisothiocyanato-bis (2,2′-bipyridyl-4,4′-dicarboxylato) ruthenium(II) bis(tetra-butylammonium) (N719 dye) were purchased from Solaronix (S.A., Aubonne, Switzerland). An aqueous solution of PE-DOT:PSS (PH 500, 1.0-1.4 wt% dispersion in water) was obtained from Heraeus.
Synthesis of water soluble GDs
We prepared the GDs solution using glucose and deionized water as the carbon source and solvent, respectively [57] . First, we added 2.5 ml of a glucose aqueous solution (8.9 wt%) to a sealed glass bottle, then heated it in a microwave oven at a power of 595 W for 9 min. The glass bottle was then cooled to room temperature.
Preparation of counter electrodes
To optimize the GD/PEDOT:PSS composition, we began with fluorine-doped SnO 2 (FTO, TEC-7, 10 Ω sq -1
, NSG America Inc., New Jersey, USA) conducting glass as the device substrate. To fabricate the standard counter electrode, we first cleaned the FTO and then sputter coated it with a 5 nm thick Pt layer (~15 s deposition time). To produce a PE-DOT:PSS film, we first mixed a solution consisting of 50 vol% of the aqueous PEDOT:PSS dispersion with 50 vol% ethanol. PEDOT:PSS films with various thicknesses (see Fig. S1 in the Supplementary material) were then fabricated on the FTO substrates to form the DSSC counter electrodes via a drop-coating method with a micropipette and subsequent heating at 60°C for a few hours. The corresponding photovoltaic performances of these devices are shown in Fig. S2 . From this study, we determined that a PEDOT:PSS thickness of~5.25 µm resulted in the best performance, and therefore we adopted that film thickness for all subsequent studies with various GDs contents.
To produce the GD/PEDOT:PSS composite films, we mixed various solutions containing 50 vol% of the aqueous PEDOT:PSS dispersion and 50 vol% of the GDs solution (X) and ethanol (Y) (X=10%, 20%, 30%, and 40%; X+Y=50%). These materials were used to fabricate the corresponding films on the cleaned FTO substrates via drop-coating with subsequent heating at 60°C for 30 min. After testing a series GDs volume ratios (X) ranging from 10 to 40 vol%, we found that the optimum GDs content in the PEDOT:PSS/ethanol solution was 30 vol% (Fig. S3) .
To prepare the paper-based counter electrodes, we used commercially available A4 printing paper (Double A) as the substrate. The paper was immersed in the optimal 30 vol% GD/PEDOT:PSS solution for 10 min and then dried at 60°C for a few hours. This GD/PEDOT:PSS paper composite then served as the counter electrode for the flexible DSSC. For comparison, we also prepared a DSSC using a paper-based electrode made with sputtered Pt as a control. A longer deposition time (~360 s) was used to sputter the Pt due to the extremely rough and porous quality of the paper surface.
Fabrication of DSSCs
For the glass-based DSSC, the conducting surface of the FTO substrate was treated with a solution of TTIP in 2-methoxyethanol (1:3 weight ratio) in order to obtain good contact between the conducting glass and the TiO 2 film. To fabricate the mesoporous double-layered TiO 2 film on the pre-treated FTO surface, we deposited a transparent 12 µm thick layer of TiO 2 particles (20-50 nm diameter, Eversolar P-300) and a 5 µm thick layer of light-scattering TiO 2 particles (PST-400,
Nano Energy xxx (2017) xxx-xxx JGC Catalysts and Chemicals, Japan) using a conventional screen-printing method [62] . We formed a 0.4×0.4 cm 2 region of the double-layer TiO 2 film on the substrate by scrapping away excess material from the sides of this active area. The TiO 2 film was gradually heated to 500°C (10°C min -1 ) in ambient atmosphere and then held at this temperature for 30 min. After sintering, the TiO 2 electrode was cooled to 80°C and then immersed in a 5×10 -4 M N719 dye solution in a mixed solvent of ACN/tBA (1:1 volume ratio) at room temperature for 24 h. We then coupled this TiO 2 electrode with the counter electrode, separating them using a 25 µm thick Surlyn ® film (SX1170-25, Solaronix S.A., Aubonne, Switzerland) and heated the device on a hot plate at 150°C to seal it. For the electrolyte, we used a mixture of 1.2 M DMPII, 0.35 M I 2 , 0.1 M GuSCN, and 0.5 M TBP in ACN/MPN (4:1 volume ratio), which was injected into the gap between the two electrodes.
To fabricate the paper-based DSSCs, we deposited the dye-sensitized TiO 2 film on a conducting plastic substrate made of indium tin oxide and polyethylene naphthalate (ITO-PEN, 13 Ω sq -1 , Peccell Technologies) using methods described in previous reports [63] [64] [65] . Briefly, we first made a binder-free TiO 2 paste by thoroughly dispersing 1 g of commercial titanium dioxide nanoparticles (P25, Degussa) in a 6 ml solution of tBA and deionized water (2:1 volume ratio) by continuously stirring the mixture for 5 days. Then the surface of the ITO-PEN substrate was treated with a solution of TTIP (0.028 g) in ethanol (10 ml) to improve the adhesion between the substrate and the TiO 2 film. We then took the binder-free TiO 2 paste and coated a 10 µm thick film over a 0.4×0.4 cm 2 area on the treated ITO-PEN substrate using the doctor blade technique. These TiO 2 films were then gradually heated to a temperature of 120°C (10°C min -1 ) in ambient atmosphere and subsequently annealed at 120 o C for 1 h. After annealing and cooling the sample to 80°C, we then immersed the TiO 2 /ITO-PEN electrode in a 5×10 -4 M N719 dye solution at 55°C for 1 h. The dye/TiO 2 /ITO-PEN electrode was then coupled with the GD/PEDOT:PSS/paper counter electrode, separated by a 25 µm thick Surlyn ® film.
Measurements and instrumentation
We investigated the GDs using transmission electron microscopy (TEM, JEM-2100F, JEOL) at an operation voltage of 200 kV. We also used atomic force microscopy (AFM, NanoScope IV, Digital Instruments) under tapping mode, and Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer) using flat pieces of potassium bromide in a spectral range from 500 cm -1
to 4000 cm -1
. The composition of the GDs were also verified by X-ray photoelectron spectroscopy (XPS) using a micro-focused (100 µm, 25 W) Al X-ray beam. The Ar + ion source for XPS (FIG-5CE ) was controlled using a floating voltage of 0.2 kV. We characterized the domain structure of the GDs by Raman spectroscopy with 532 nm laser excitation and a P2 system model spectrometer (Lambda Solution, Inc.). The surface morphologies of various catalytic films were determined by field emission scanning electron microscopy (FE-SEM, Nova Nano-SEM 230, FEI, Oregon, USA). The elemental distribution of C and O in the GDs film was analyzed by energy dispersive X-ray spectroscopy (EDS). We also identified the crystallinity of the PEDOT:PSS films using X-ray diffraction (XRD, Rigaku).
For photovoltaic characterization, we masked the surface of the DSSC except for a 0.16 cm 2 area and illuminated this region with a class-A quality solar simulator (XES-301S, AM 1.5G, SAN-EI ELEC-TRIC CO., LTD.). The incident light intensity (100 mW cm -2 ) was calibrated with a standard Si solar cell (PECSI01, Peccell Technologies, Inc., Yokohama, Japan). We recorded the photoelectrochemical characteristics of the DSSC using a potentiostat/galvanostat (PGSTAT 30, Autolab, Eco-Chemie, Netherlands). The incident photo-to-electron conversion efficiency (IPCE) curves were obtained at the short-circuit condition. The light source was a class A quality solar simulator (PEC-L11, AM1.5G, Peccell Technologies, Inc.) and it was focused through a monochromator (Oriel Instrument, model 74100) onto the photovoltaic cell. The monochromator was incremented through the visible spectrum to generate the IPCE (λ) as defined in Eq. (1), (1) in which λ is the wavelength, J SC is the short-circuit photocurrent density (mA cm -2 ) recorded with the potentiostat/galvanostat, and φ is the incident radiative flux (W m -2 ) measured with an optical detector (Oriel Instrument, model 71580) and power meter (Oriel Instrument, model 70310).
Cyclic voltammetry (CV) and Tafel polarization curves were measured to investigate the electrocatalytic abilities of the counter electrodes. We carried out CV using a three-electrode system, with the PE-DOT:PSS or GD/PEDOT:PSS or sputtered Pt catalytic films serving as the working electrodes, a Pt foil as the counter electrode, and an Ag/ Ag + electrode as the reference electrode in an ACN solution that contained 10 mM I -, 1 mM I 2 , and 0.1 M LiClO 4 . The Tafel polarization curves were obtained by symmetrical cells consisting of two identical electrodes (i.e., PEDOT:PSS, GD/PEDOT:PSS, or the sputtered Pt electrode), a 25 µm thick Surlyn ® film, and the electrolyte.
Results and discussion
We synthesized the water-soluble GDs (Fig. S4 ) from an aqueous glucose solution by a microwave-assisted hydrothermal technique that can rapidly produce uniformly-sized GDs [57] . Fig. 1a presents a typical TEM image of the GDs, which display a uniform 3 nm diameter across the sample. A high-resolution TEM image (inset of Fig. 1a ) reveals the GDs are highly crystalline. The interlayer spacing is 0.213 nm, which corresponds to the d-spacing of the graphene {1 00} planes [53, 66] . A histogram of the size distribution of the GDs in Fig. 1a demonstrates the GDs sizes are quite uniform (Fig. 1b) . Fig. 1c shows the height profile of the monodisperse GDs as measured by AFM. The average height of three GDs measured (labeled as A, B, and C) was~2.20 nm, indicating ∼10 layers of graphene in each GDs. We analyzed the elemental distribution of C and O in the GDs by EDS and found that the atomic ratio of C/O was 95.32/4.68 (Fig. S5) , thus confirming that C is the dominant element in the GDs. Fig. 1d presents the FTIR spectrum of the GDs, in which we observed the presence of O-H (3392 cm -1 ), C-O (1027 cm -1 and 1076 cm -1 ), C C (1641 cm -1 ), and C-H (1360 cm -1 and 2927 cm -1 ) bonds in the sample [57] . We further confirmed the composition of the GDs by XPS (Fig. 1e) . The XPS spectrum was deconvoluted into five surface components, including sp 2 carbon (C C) at a binding energy of 284.3 eV, sp 3 (C-C and C-H) at 285.8 eV, C-OH at 286.2 eV, C-O-C at 287.4 eV, and finally C O at 288.6 eV. These findings of the GDs surface chemistry are consistent with the FTIR results. Fig. 1f shows the Raman spectrum of the GDs, which exhibited a prominent G band at 1573 cm -1 . This peak is due to the first-order scattering of the E 2g mode in sp 2 carbon domains. The broad D band at 1364 cm -1 is caused by the sp 3 hybridized carbon (such as edge planes and structural defects), which breaks the selection rule and reduces the peak symmetry [62, 67] . The high intensity ratio of the D band to the G band (I D /I G =0.93) in the Raman spectrum suggests the GDs feature high defect densities [68] , which can be beneficial for their electrocatalytic activity [62, 69] . Fig. 2a -c present SEM images of the counter electrodes that have been made with Pt, PEDOT:PSS, and 30 vol% GD/PEDOT:PSS films on the FTO substrates. In Fig. 2a , we can see clear domain boundaries of the FTO layer and sputtered Pt nanoparticles uniformly distributed across the surface. In contrast, the PEDOT:PSS film featured a smooth surface, which can be unfavorable for electrocatalytic reactions (Fig.  2b) . However, the 30 vol% GD/PEDOT:PSS film exhibited an irregular island-like surface texture (Fig. 2c) . Fig. 2d shows the XRD patterns of PEDOT:PSS and 30 vol% GD/PEDOT:PSS films. PEDOT:PSS films made from commercial PEDOT:PSS solutions are typically amorphous [41] , unless the film is synthesized via electrochemical polymerization [70] 3 or annealed at a temperature greater than 100°C [41, 70] , in which case sharp diffraction peaks can be observed in the material's XRD pattern.
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In our work, both PEDOT:PSS and 30 vol% GD/PEDOT:PSS films were prepared via a simple "soak and dry" process, and therefore we observe relatively broad diffraction peaks. After the incorporation of GDs in the PEDOT:PSS film, the XRD 2θ scan showed enhanced diffraction intensities at 19.01°and 26.25°, which are the same as the PEDOT diffraction pattern reported in an earlier study [40] , indicating the improved crystallinity of the composite film as compared to that of the pristine PE-DOT:PSS. This result suggests that GDs could act as nucleation sites during the film formation process [60] . The presence of nucleation sites in a conductive polymer film can lead to the formation of a "nano-island" surface texture, thus resulting in a roughed surface morphology [60] . It has been reported that catalytic films featuring high surface roughness on the counter electrode help to promote the electrocatalytic reduction of I 3 -in DSSCs [60, 71] . Meanwhile, we observed that the PE-DOT:PSS film exhibited reduced sheet resistance after the incorporation of 30 vol% GDs (from R S =9.6×10 -4 Ω cm to R S =1.5×10 -4 Ω cm). Accordingly, we expected the DSSC made with the 30 vol% GD/PE-DOT:PSS film to have better electrocatalytic performance as compared to that of the cell made with just PEDOT:PSS.
We next measured the photocurrent density-voltage (J-V) characteristics of the DSSCs made using the three different counter electrodes (i.e., sputtered Pt, PEDOT:PSS, and 30 vol% GD/PEDOT:PSS) on the FTO substrates, as shown in Fig. 2e . The corresponding photovoltaic parameters are listed in Table 1 . The results show that the cell efficiency (η) of the DSSC made with the 30 vol% GD/PEDOT:PSS film (7.36%) was much higher than that of the cell made using just PEDOT:PSS as the counter electrode (5.14%), and was comparable to that of the cell with the sputtered Pt counter electrode (8.46%). Therefore, the performance of the PEDOT:PSS-based counter electrode can be significantly enhanced after the incorporation of the GDs (43% enhancement in cell efficiency).
The differences in η among the three devices were mainly due to their short-circuit photocurrent densities (J SC ) and fill factors (FF) ( Table  1) . Since the photoanode and electrolyte conditions were identical for all the devices, the value of J SC should therefore depend strictly on the electrocatalytic activity of the counter electrodes. The quick electrocatalytic reduction of the I 3 -ions leads to fast electron transfer kinetics in the cell and thus also increases FF. In the inset of Fig. 2e , we also measured the IPCE curves of the three devices and found that they exhibited a broad peak across the visible region (400-800 nm), which is typical for DSSCs. The trend in the IPCE plots was also consistent with the corresponding J SC values. To verify the mechanism of electrocatalytic activity, we analyzed the three electrode types using CV and Tafel plots. Fig. 2f shows the CV curves of the electrodes made with the sputtered Pt, PEDOT:PSS, and 30 vol% GD/PEDOT:PSS films. The corresponding cathodic current density and peak separation (ΔE P ) values are listed in Table 2 . The cathodic current densities of the sputtered Pt (−1.85 mA cm -2
) and 30 vol% GD/ PEDOT:PSS (−1.58 mA cm -2 ) samples were much larger than that of the bare PEDOT:PSS (−0.39 mA cm -2 ) film. Typically, electrodes with enlarged active surface area and conductivity increase the reduction reaction of I 3 - , which enhances the cathodic current density and therefore boosts J SC and η for the pertinent DSSCs. As for ΔE P , the values of the sputtered Pt (324 mV) and 30 vol% GD/PEDOT:PSS (347 mV) samples were smaller than that of PEDOT:PSS (436 mV). Since the peak separation of the I -/I 3 -redox reaction is inversely related to the charge transfer rate of the electrode [22] , the results of the ΔE P measurements indicate that the charge transfer rate in the PEDOT:PSS film was the slowest among the three samples, causing it to have the lowest FF value in Table  1 . Fig. 2g shows the Tafel polarization curves obtained using symmetrical cells consisting of two identical electrodes of the three catalytic films. In the Tafel plot, the exchange current density (j 0 ) can be obtained by extrapolating the anodic and cathodic curves to the cross point at 0 V. j 0 can be used to calculate the charge transfer resistance (R Ct ) corresponding to the catalytic film/electrolyte interface according to Eq. (2): (2) in which n is the electron transfer number for the reduction of I 3 -, F is the Faraday constant, R is the ideal gas constant, and T is the absolute temperature. A smaller R Ct value refers to better charge transfer at the catalytic film/electrolyte interface, or in other words, superior electrocatalytic ability. As listed in Table 2 , the electrodes made using 30 vol% GD/PEDOT:PSS had a 29% smaller R Ct value compared to that of the PEDOT:PSS sample, which indicates that the addition of GDs to the film improves the electrocatalytic capability of the electrode. This result is consistent with the CV measurements and the corresponding photovoltaic performances listed in Table 1 .
Nano Energy xxx (2017) xxx-xxx (f) CV of the three counter electrodes using FTO substrates, which was carried out in a three-electrode system. (g) The Tafel polarization curves of the three types of counter electrodes using FTO substrates. To further explore the advantages of the GD/PEDOT:PSS composite ink, we also fabricated flexible DSSCs using paper-based counter electrodes made with either 30 vol% GD/PEDOT:PSS (Fig. 3a) or sputtered Pt (Fig. 3b) , both of which utilized the flexible dye/TiO 2 /ITO-PEN photoanode (Fig. 3c) . Fig. 3a(i) -(iv) present images of the flexible paper-based electrode made with the 30 vol% GD/PEDOT:PSS ink. These photographs demonstrate this novel material is space-saving, light-weight, and easy to cut and manipulate into different shapes. The paper-based electrode with sputtered Pt is shown in Fig. 3b for comparison. Fig. 3d -e present top-view and side-view (inset) SEM images of the paper-based electrodes made with 30 vol% GD/PEDOT:PSS and sputtered Pt, respectively. The corresponding images at higher magnification are shown in Fig. S6 . These images reveal that the porosity of the paper substrate can be effectively filled with the GD/PEDOT:PSS composite, while the porous features still remain visible even after sputtering the sample with Pt. The results indicate that the sputtered Pt layer is not likely to facilitate efficient electron transport within the porous matrix of the paper substrate.
We then integrated the two paper-based counter electrodes with the flexible dye/TiO 2 /ITO-PEN photoanodes (Fig. 3c) to fabricate the flexible DSSCs. Fig. 3f shows the J-V curves of the flexible DSSCs made using the 30 vol% GD/PEDOT:PSS and sputtered Pt paper counter electrodes. The corresponding photovoltaic parameters are listed in Table   5 U
Nano Energy xxx (2017) xxx-xxx 3. The flexible DSSC made with the GD/PEDOT:PSS paper counter electrode exhibited an η (4.91%) that was almost three times higher than that of the cell made with the sputtered Pt paper counter electrode (1.70%). We attributed this difference to the improved charge transport in the less porous GD/PEDOT:PSS paper electrode. This is the opposite result we observed for the FTO-based counter electrodes (Table  1) , in which the non-porous FTO glass substrate provided a continuous conducting layer. Although the η of the device is lower when the paper-based substrate is used, replacing the FTO-based counter electrode with a metal-free substitute can significantly reduce the manufacturing costs of the DSSC. 6 
In addition, the GD/PEDOT:PSS paper-based counter electrode provides the DSSC with flexibility in a way that cannot be achieved when FTO is used as substrate instead. As a comparison of the sputtered Pt and GD/PEDOT:PSS paper electrodes, Fig. 3g presents the normalized η of the two flexible DSSCs after bending the electrodes up to 150 times. The non-normalized photovoltaic parameters (i.e., η, FF, V OC , J SC ) of the two devices are shown in Fig. S7 . From these results, we can see that η of the flexible DSSC made using the GD/PEDOT:PSS paper electrode remained fairly stable even after being bent 150 times, while η of the flexible DSSC made using the sputtered Pt paper electrode decreased by 45% after the same test. This result demonstrates the amazing durability of the paper-based GD/PEDOT:PSS counter electrode to a degree that cannot be achieved by its Pt counterpart.
Conclusions
We synthesized a GD/PEDOT:PSS composite ink for the fabrication of Pt-free counter electrodes for use in DSSCs. On FTO-based counter electrodes, the DSSC device made using 30 vol% GD/PEDOT:PSS exhibited an optimal cell efficiency of 7.36%, which was comparable with that made with sputtered Pt (8.46%). We also fabricated a flexible paper-based counter electrode made with the same 30 vol% GD/PE-DOT:PSS composite using a cost-effective "soak and dry" method that can be easily scaled up for mass production. Flexible DSSCs made on paper-based counter electrodes featuring this GD/PEDOT:PSS ink exhibited cell efficiencies (4.91%) that were much higher than that of sputtered Pt paper electrodes (1.70%) due to the fact that the polymer and GDs-based ink was better able to fill the pores of the paper substrate, while sputter coating was unable to sufficiently reach all the surfaces and coat the metal inside all the voids. After bending the paper electrodes 150 times, we found that the performance of the cell with the GD/PEDOT:PSS paper electrode was well preserved, while in contrast the device made using sputtered Pt drastically lost its initial cell performance after the same test. The presented GD/PEDOT:PSS paper electrode is low-cost, light-weight, space-saving, environmentally friendly, and easy to manipulate, all of which demonstrate the potential of this composite material for portable/wearable electronics and flexible energy systems.
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